Managing coastal development requires a set of tools to adequately detect ecosystem 23 and water column degradation, but it also demands tools to detect any post-disturbance 24 improvement. Structural seagrass indicators (such as shoot density or cover) are often 25 used to detect or assess disturbances, but while they may be very sensitive to the impact 26 itself, it is unclear if those indicators on their own can effectively reflect recovery at 27 time scales relevant to managers. We used the construction of a harbour affecting a 28 nearby Posidonia oceanica seagrass community to test the ability of a set of indicators 29 (structural and others) to detect alterations and to evaluate their sensitivity to recovery 30 of environmental quality after harbour construction was complete and the disturbance 31 ceased. We used a Beyond Before After Control Impact (BBACI) design to evaluate 32 effects on one impacted and three control meadows where we used structural, 33 morphological, community and physiological indicators (26 in total) to asses 34 disturbance impacts. Additionally, we measured some of the potential environmental 35 factors that could be altered during and after the construction of the harbour and are 36 critical to the survival of the seagrass meadow (light, sediment organic matter, sediment 37 accrual). 38
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Harbour construction caused a clear increase in sediment organic matter and in 39 sediment deposition rates, especially fine sand. Light availability was also reduced due 40 to suspended sediments. Sediment and light conditions returned to normal levels 5 and 41 (Table 1) , a superficial and mid water net barrier was placed to limit the spread of fine 162 sediment released from dredging activities and sand addition to nearby waters. After 163 this period, some minor works continued, but dredging activities were less intense. 164
The area is characterized by clear coastal waters, and the coastline has numerous P. 165 oceanica meadows reported to be in good ecological condition (Romero et al. 2010) . 166
We selected a P. oceanica meadow situated between 9 and 14 meters depth (density of 167 290 shoots m -2 , SE=28) on a rocky substrate and at 160 m (at its closest point) from the 168 old breakwaters (Fig. 1, 41°40 '19"N 2°48'04"E ) as the potentially impacted site. The 169 foundations of the new breakwaters were built only 20 m from the meadow (at its 170 closest point). Additionally, three control sites were selected north of the construction 171 area due to the absence of P. oceanica meadows further south. The first control site was 172 situated close to Mar i Murtra garden in Sa Forcanera beach (41°40'31"N 2°48'19"E ), 173 the second in Fenals beach (41°41'19"N 2°50'7"E) and the third was situated next to 174 Cala Canyelles (41°42'4"N, 2°53'21"E, Fig.1) . 175
Sampling design and data acquisition 176
Driver measurements and seagrass sampling was carried out at the impact and control 177 meadows before the disturbance started (February 2010), during the disturbance (March 178 2010 to early August 2010) and after the disturbance (late August 2010 to August 2013; 179 see Table 1 ) following a Beyond BACI design. All meadows were sampled between 13 180 and 15 m depths to minimize bathymetric variability. 181
Monitoring environmental drivers 182
To assess light availability, irradiance (photosynthetic active radiation, 400-700 nm) 183 was measured in situ as photosynthetic photon flux density (PPFD, µmol quanta m -2 s -1 ), 184 using Apogee PAR QSO-Sun 2.5v light sensors connected to HOBO u12-013 dataloggers that recorded at 10-minute intervals. One light sensor was placed in each 186 meadow just above canopy level for one month when the harbour was being expanded 187 (April 2010) and 10 months after the disturbance (April 2011). As some fouling 188 appeared on the sensors at the end of the recording period, and in order to prevent its 189 shading effects, we only used the first 15 days of data when the sensors were totally 190
clean. 191
To assess the importance of the sedimentation processes over the meadow, sediment 192 deposition rates (g m -2 day -1 ) were measured using six cylindrical sediment traps (16 cm 193 height and 4.5 cm diameter) installed in groups of three, in two independent tripods just 194 above the canopy level at each site, similarly to those used by Gacia, Granata and 195 Duarte (1999) . Sediment traps were installed for one month in all sites with light 196 sensors only while dredging activities were occurring (in April 2010). 197
To follow changes in sediment granulometry and organic matter content in the seagrass 198 meadow, three random samples of surface sediments were taken at each site using 50 ml 199 cups. Samples were taken during the disturbance (April 2010) and at a single time after 200 construction work ceased (July 2010). Sediment composition was analysed with an 201 optical particle analyser Mastersizer 2000. Organic matter was determined as the 202 difference in the weight of the sediments before and after drying in a muffle furnace for 203 5 hours at 500ºC. 204
Monitoring seagrass indicators 205
We chose 26 seagrass indicators commonly used in ecological assessments (Marbà et Mn, Ni, Cu, Zn) and community indicators (leaf epiphyte biomass). All physiological 213 parameters were analysed in rhizomes; in addition, we analysed C, N, P, δ 15 N, δ 13 C 214 from the leaves. For most variables, we collected samples before harbour construction 215 began, during the disturbance and at several intervals after the cessation of dredging 216 activities, depending on the variable (see Table 1 ). Sampling consisted of collecting ten 217 seagrass shoots, randomly chosen in each site and at each sampling period. Seagrass 218 shoot density was estimated at each site and sampling time in three 40x40 cm fixed 219 quadrats in each station. Sampling was performed four times (once before the 220 disturbance, and three times after the disturbance, Table 1 Millbuck labs (United Kingdom). 239
Data analysis 240
Asymmetrical analyses of variance were used to examine temporal differences between 241 the potentially impacted meadow and the average of control meadows. The mechanics 242 and the logical structure of these analyses are fully explained in Underwood (1991) ; 243 Table 1, Table 2 ). 254 Differences in sedimentation rates between impacted and control sites were tested using 255 one-way ANOVA. Changes in light availability, sediment grain composition and 256 percentage of organic matter in sediments during and after the disturbance were also 257 tested using an asymmetrical analysis of the variance (Table1). 
Responses of environmental drivers 268
We detected an 88.4% reduction in light availability in the impacted meadow relative to 269 the controls (p=0.046; Table S2 , Fig. 2 ). Some seasonal variability not directly related 270 to the construction was also recorded in light levels at both impacted and control 271 meadows, and was probably caused by storms during the course of the study (Fig. 2) . In 272 addition, fine materials in suspension increased sedimentation rates over 14 times 273 compared to controls 2 months after the impact began, from 33 to 480 g m -2 day -1
274
(p<0.01, Table S3 , Fig. 3 ). As a result, the impacted meadow was buried under 5 to 10 275 cm of fine sediments that produced a significant change in granulometry (p<0.01, Table  276 S4, Fig. 4 ), noticeably decreasing grain size, and a ca. two-fold increase in the organic 277 matter content of sediments (p<0.01, Table S5 , Fig. 5 ). Dredging activities and sand 278 additions were completed 5 months after the works began, and natural hydrodynamics 279 washed out the fine sediment. Light availability was found to have recovered 15 months 280 after commencement (Fig.2) , but light availability probably recovered sooner, since 281 granulometry (Fig.4) and organic matter in surface sediments (Fig. 5 ) recovered to 282 control levels five months after the construction began. 283
Responses of indicators to disturbance: 284
Shoot density and indicators directly related to light availability (starch, sucrose and 285 total carbohydrates) and metal pollution (Ni, Fe, Mn, Pb, Cd) responded most to the 286 disturbance (Table 2) . Ni and starch content in the rhizomes showed significant 287 differences after just one month, being the first indicators to detect the impact of the 288 harbour construction. After two months, sucrose, starch and total carbohydrates were 289 significantly lower in the impacted site compared to control sites (Fig. 6A,B) , which 290 started to increase their concentrations following the seasonal cycle of carbohydrate 291 production ( Fig. 6-B) . Also two months after the start of the disturbance, Fe, Mn and Pb 292 in the rhizomes showed significant differences from 'before' values (Table 2) . Five 293 months after the start of the disturbance, starch remained significantly lower at the 294 impact site. Sucrose and total carbohydrates were also lower at the impact site, as seen 295
in Table 2 and Fig. 6 -A, although these differences were not significant due to the high 296 variability in controls. After five months, the effects of the disturbance were also 297 evident in Fe, Mn, Pb, ( Table 2 , Fig. 6-C) , which continued to record increasing values 298 of these metals. Also, five months after the construction began, Cd levels increased for 299 the first time with respect to the controls. See all results of Beyond BACI variance 300 analysis of indicators in Table (S6) . 301
Shoot density was not measured during the disturbance due to low visibility in the area 302 (see methods). The first values of shoot density were obtained 8 months later when the 303 disturbance had already ceased. Shoot density had declined by 50 % at the impacted site 304 8 months after the disturbance (Fig. 6 -E, Table 2, Table S7 ). 305
Recovery time of indicators values: 306
The time taken for the indicators to return to pre-disturbance values varied depending 307 on the indicators considered. Sucrose and total carbohydrates started recovering right 308 after the cessation of the disturbance while other physiological indicators (starch, Mn, 309
Cd, Pb, Fe) recovered fully after 10 months. In contrast, shoot density did not show any 310 sign of recovery at any sampling time, until our last sampling event, 32 months after the 311 cessation of the disturbance (Fig. 6, Table 2 , Table S7 ). 312
Discussion 314
As expected, harbour works produced a pulsed disturbance that increased water 315 turbidity, reduced light availability and covered the meadow close to the harbour with 316 and 10 months later all these indicators had returned to pre-disturbance levels. In 328 contrast, the structural indicator (shoot density) did not show any recovery even 38 329 months after the disturbance. 330
Drivers of disturbance and impact on the ecosystem 331
The breakwater construction had important detrimental effects on the surrounding 332 environment. Sedimentation rates at the impact site during the disturbance period were 333 extremely high, i.e. 14 times higher than observed at our control sites, where rates 334 matched natural deposition rates previously observed in the same area by Gacia, 335
Granata and Duarte (1999). Deposited sediment was mainly composed of fine particles 336 that spread over the meadow, and, as documented in other instances, the sedimentretention net used to prevent the spread of sediment was not fully effective ( The metal content of tissues also responded quickly to the disturbance, confirming the 386 response times found in recent studies by Richir et al. (2013) , and also suggest that 387 metals were remobilized during the harbour construction. Fe and Mn accumulated in the 388 rhizomes of the plant within 2 months of the commencement of the construction and 389 continued to increase during the disturbance period. In 5 months, their concentrations 390 were 3 times greater than observed in the controls and 3 to 4 times higher than observed 391 at any site of available monitoring programs (Romero et al. 2010 ). Pb and Cd levels 392 also increased 2 and 5 months after the start of the disturbance. In contrast, 393 concentrations of Ni in the rhizomes decreased more than the controls during the 394 disturbance probably due to the antagonistic uptake interactions with Fe, Mn and other 395 metallic elements (Richir et al. 2013) . 396 397
Recovery time of indicators 398
More or less ten months after the construction ceased, all physiological indicators 399 affected by the coastal development returned to pre-disturbance levels. As has been 400 Cd) in plant rhizomes can be fast and dynamic and can be sensitive indicators to detect 406 degradation and improvement of water quality conditions. The fact that metallic trace 407 elements are highly dynamic in plants is especially relevant for managers when 408 assessing the results of seagrass and water quality monitoring programs. Indeed, it 409
suggests that the presence of these elements in seagrass rhizomes, at least in the younger 410 parts of the plant, may reflect the presence of these metals in the surrounding 411 environment, and is not the consequence of historical accumulation of metals in the 412
plants. 413
Shoot density did not recover to pre-disturbance levels 38 months after the construction 414 
Summary and conclusions 423
The Blanes harbour breakwater was built with apparently adequate mitigation measures 424 including sediment retention nets designed to reduce the impacts of dredging and 425 construction on the threatened Posidonia oceanica seagrass meadows. Despite this, the 426 activity resulted in an intense, pulsed disturbance, significantly reducing water quality 427 (light levels and sediment deposition), and causing a dramatic structural decline in 428 adjacent seagrass meadows. Three years after the harbour construction, shoot densities 429 at meadows 20 m away from the site had still not shown signs of recovery. 430
Unsurprisingly developmental activities of this nature, particularly so close to P. 431 oceanica meadows, can be catastrophic for this legally protected ecosystem. From a 432 management perspective, we observed that not all common seagrass indicators 433 responded specifically to this type of disturbance, and even from those that responded, 434 very few were able to detect ecosystem recovery when the disturbance had ceased. 
